The embryotoxic effect of intermediate frequency (IF) magnetic field (MF) was evaluated using murine embryonic stem (ES) cells and fibroblast cells based on the embryonic stem cell test (EST). The cells were exposed to 21 kHz IF-MF up to magnetic flux density of 3.9 mT during the cell proliferation process (7 days) or the cell differentiation process (10 days) during which an embryonic body differentiated into myocardial cells. As a result, there was no significant difference in the cell proliferation between sham-and IF-MF-exposed cells for both ES and fibroblast cells. Similarly, the ratio of the number of ES-derived cell aggregates differentiated to myocardial cells to total number of cell aggregates was not changed by IF-MF exposure. In addition, the expressions of a cardiomyocytes-specific gene, Myl2, and an early developmental gene, Hba-x, in the exposed cell aggregate were not altered. Since the magnetic flux density adopted in this study is much higher than that generated by an inverter of the electrical railway, an induction heating (IH) cooktop, etc. in our daily lives, these results suggested that IF-MF in which the public is exposed to in general living environment would not have embryotoxic effect.
Introduction
The electric railway is one of the generation sources of magnetic field (MF) to which the general public is frequently exposed in regular life [27] . It was known that the frequencies of MFs generated in typical rolling stock of an electrified railway system ranged from static to tens of kHz. WHO classified frequency ranging from 300 Hz to 10 which have been widespread in recent years, public concern about the possible health effect of IF-MF is growing in Japan.
To respond to such social anxiety, the health risk assessment of IF-MF is necessary. However, there are not enough studies on the biological effects of IF-MF to evaluate the health risk to date. In fact, WHO recommended further studies about IF-MF, because of the lack of data for health risk assessment in the Environmental Health Criteria No. 238 [27] . Besides, one of the current international guidelines for the protection of humans exposed to electric and magnetic fields was published in 2010 by International Commission of Non-ionizing Radiation Protection (ICNIRP). The guidelines stipulate the basic restriction as a limit value of the internal electric field that caused by transient effect such as the stimulation of nervous systems [10] . However, the value of the basic restriction of IF range is mostly decided by extrapolating from the value of other frequency ranges because of lack of evidence compared with extremely low frequency (ELF) and radiofrequency (RF) fields. Therefore, evidence drawn from experimental studies are important to elucidate the appropriate exposure threshold level for setting exposure limits and also to verify the current guidelines. In addition, the evaluation of chronic effect is also important to evaluate the health risk. For example, the risk of cancer is one of the most important health risks that should be also evaluated.
To evaluate the carcinogenicity of IF-MF, a few research groups have studied the mutagenic effect since the in vitro mutation assays using bacteria or mammalian cells are widely accepted as a screening method of carcinogenicity [19, 14] . Sakurai et al. [19] reported that 2 h-exposure with 6.05 mT IF-MF at 23 kHz did not affect cell growth, DNA strand break, mutation, micronucleus formation and the expression of phosphorylated Hsp27. Nakasono et al. [14] reported that bacterial mutation and yeast genotoxicity tests did not indicate any mutagenic potential or co-mutagenic potential for chemical mutagens by IF-MFs of 0.91 mT at 2 kHz, 1.1 mT at 20 kHz or 0.11 mT at 60 kHz. These studies suggest that IF-MF does not affect several key processes of carcinogenesis.
Besides, it is important to evaluate the developmental toxicity of IF-MF because pregnant women and their fetus are possibly exposed to IF-MF during cooking if they use IH cooktops at home. Nishimura et al. [15] examined the chick embryotoxicity of 1.1 mT of 20 kHz IF-MF, indicating no effect. Their group also evaluated the embryotoxic, fetotoxic and/or teratogenic potential of IF-MF using rats [16] . Lee et al. [12] investigated the teratological effect of 30 T of 20 kHz triangular IF-MF which was generated from video display terminals, not IH cooktops. They exposed pregnant mice to IF-MF for 8 h/day during 13 days, indicating that there were not any effect such as mortality, growth retardation, changes in head size and other morphological abnormalities. However, higher magnetic flux density should be evaluated to elucidate the biological effect of IF-MF. Since it was difficult to generate homogenous high magnetic flux density in a space large enough for in vivo study for more than continuous several days, we have developed exposure apparatus for in vitro study with high magnetic flux density for continuous exposure longer than a week [11] .
On the other hand, in vitro embryotoxicity test named the embryonic stem cell test (EST), has been developed to predict developmental toxicity based on the inhibition of the differentiation of embryonic stem (ES) cells into cardiomyocytes [5] . With reference compounds having different embryotoxic potency (strong, weak, and non-embryotoxic), the EST could classify embryotoxicity with accuracy of 78% for 20 tested compounds. Furthermore, molecular markers have been newly developed by Suzuki et al. [25] to screen embryotoxic agents in the EST.
The aim of this study is to evaluate the embryotoxicity of 7-or 10-days exposure to IF-MF based on the EST method. Furthermore, intracellular alteration was also investigated based on the determination of gene expression level to compliment the result of the EST. The expression of cardiomyocytes-specific or early developmental marker genes was examined to evaluate the possible effect of the IF-MF in this study.
Materials and methods

Exposure apparatus
A Merritt type coil was employed as the exposure apparatus of IF-MF (Takano Giken, Tsukuba, Japan) as a basic structure [11] . A homogeneous IF-MF of up to 3.9 mT (±5%) at the frequency of 21 kHz could be generated in a cubic space with each side of which is 150 mm in length in this exposure apparatus. A CO 2 incubator made of resin (Hirasawa works, Tokyo, Japan) was installed inside the coil to enable cultured cells to be exposed to a homogeneous MF at 37 ± 1 • C and at 5% CO 2 . Two sets of exposure apparatus combining a CO 2 incubator with a merit coil were prepared and used with energizing (exposure) or without energizing (sham exposure: no-magnetic field) simultaneously. The IF-MF exposure condition was set at 21 kHz, 2 or 3.9 mT for 7-10 days. For control, a conventional CO 2 incubator CPE-2201 (Hirasawa works) was used to confirm whether the incubation conditions of the exposure apparatuses were identical to the general culture condition.
Cell strains
A murine embryonic stem cell line, ES-D3 (No. CRL-1934) and a murine fibroblast cell line, BALB/3T3 clone A31 (No. RCB0005) were provided by American Type Culture Collection (ATCC) and RIKEN BioResource Center through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan, respectively. Prior to use, ES-D3 cell line was grown to habituate as feeder-less culture in the medium composed of KnockOut D-MEM supplemented with 15% Knockout Serum Replacement (KSR), 100 M non-essential amino acids, 2 mM glutamine, 1000 units/ml mLIF, 100 U/ml penicillin, 100 g/ml streptomycin, which each reagents were purchased from Thermo Fisher Scientific (Walthan, MA, USA) and 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, Saint Louis, MO, USA) on the Geltrex matrix (Thermo Fisher Scientific) in a cell culture flask of 25 cm 2 . The BALB/3T3 cell line was maintained by D-MEM (Thermo Fisher Scientific) and 10% fetal bovine serum (BioWest, Miami, FL, USA), 4 mM glutamine, 100 units/ml penicillin and 100 g/ml streptomycin (Thermo Fisher Scientific). In this study, ES-D3 is a surrogate of an embryonic cell and BALB/3T3 is a surrogate of a differentiated cell model, according to the EST method [23] .
Embryonic stem cell test (EST)
Cell proliferation assay
Cell proliferation assay was performed according to the EST method [23] with slight modification. In this study, the protocol whose endpoint was 7 days was adopted and used a tetrazolium salt WST-1 which is similar to MTT for simplification of the procedure and higher sensitivity. The pre-cultured ES-D3 and BALB/3T3 cell lines were digested by accutase (Innovative Cell Technologies, San Diego, CA, USA) and trypsin (Thermo Fisher Scientific), respectively. Then, cells were suspended in assay medium, D-MEM containing 20% fetal bovine serum for ES cells (Thermo Fisher Scientific), 100 M non-essential amino acids, 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin and 0.1 mM 2-mercaptoethanol for ES-D3, and D-MEM containing 10% fetal bovine serum, 100 M non-essential amino acids, 4 mM glutamine, 100 U/ml penicillin and 100 g/ml streptomycin for BALB/3T3. 100 l aliquot of suspended solution of ES-D3 or BALB/3T3 cell lines (5 × 10 3 cells/ml) was poured into each well of 96-well plates and incubated at 5% CO 2 and at 37 • C for 2 h prior to the exposure period, then further 100 l of fresh medium was added to each well. As a positive control, medium containing 5-fluorouracil (5-FU; final concentration was 0.1 g/ml) was added. While the plates were exposed to sham or 3.9 mT IF-MF for 7 days, the medium was changed on the day 5. On the days 3, 5 and 7, the WST-1 premix solution (TaKaRa Bio, Shiga, Japan) was added to have it react in 6 wells at least for 2 h at 37 • C. Absorbance at 450 nm and 630 nm (for reference) was measured using a microplate reader (Bio-Rad laboratories, Hercules, CA, USA) after the reaction period. The effect of IF-MF on the cell proliferation was evaluated by using absorbance (A 450 nm − A 630 nm ) as an indicator of cell number. In this study, 4 independent experiments were performed for the WST-1 assay. The value represents the mean ± standard deviation (SD) value calculated from 4 independent exposures resulted from each measurement of 6 wells. The difference from sham exposed group was analyzed using one-way ANOVA followed by Dunnett's test (*p < 0.01).
Differentiation assay
Differentiation assay was performed according to the EST [23] with slight modification. Seven hundred and fifty cells of ES-D3 cell line were suspended in 200 l of assay medium and poured into each well of lipidure-coated 96-well round-bottom plates (Thermo Fisher Scientific) to have an embryonic body (EB) formed. As a positive control, medium containing 5-FU (final concentration: 0.05 g/ml) was used. During the formation of EB, this plate was exposed to IF-MF for 5 days from day 0 of the EST. The medium was changed on day 3 and EBs were moved to 24 well cell culture plate coated with 0.1% gelatin so that one EB may be put in each well on day 5. The contraction of myocardial cells among the sticking cell aggregate originated from EBs was confirmed under inverted light microscopy Nikon MFA10100 (Nikon, Tokyo, Japan) on day 10 after further 5 days-exposure. The ratio of the number of cell aggregates in which contracting myocardial cells were observed to that of total cell aggregates was calculated. In this study, more than 5 independent experiments were performed.
Evaluation of gene expression
In this study, the effects of IF-MF exposure on the expressions of a cardiomyocytes-specific gene, Myl2, or an early developmental gene, Hba-x, during murine ES cell differentiation into myocardial cells were assessed using the quantitative Real-Time PCR (qPCR) method. Total RNA was extracted from ES cell samples on day 10 using Isogen ® II reagent (NIPPON GENE, Tokyo, Japan) according to the manufacturer's instruction. Using the specific oligonucleotide primers (TAKARA Bio.) for targeted genes shown in Table 1 , mRNA expression levels were determined and quantified. The cDNA synthesis was performed using the ReverTra Ace qPCR kit (TOYOBO, Osaka, Japan). Real-time quantitative PCR of the mRNA templates was performed using the SYBR Green Master Mix (TOYOBO) and the ABI PRISM 7300 sequence detection system (Thermo Fisher Scientific). Briefly, PCR amplification from total RNA (1 g) was performed under the following conditions: cDNA synthesis at 50 • C for 10 min, reverse transcriptase inactivation at 95 • C for 5 min, and then PCR cycling and detection for 40 cycles at 95 • C for 10 s followed by 60 • C for 30 s. Average delta threshold cycle Ct (dCt) values were used to determine the relative difference between sham and IF-MF exposed cells. All data were normalized to the ␤-actin levels within the same sample and described as the ratio against the average Ct value of sham exposure.
Statistics
For the EST, statistical differences between the groups were assessed by the one-way analysis of variance (ANOVA) followed by Dunnett's test. The chi-square test was used to assess the difference between the ratio of the number of contracting cell aggregates in sham and those in IF-MF. For RNA expression, Student's t-test was used to make a comparison with sham-exposed group.
Dosimetry
The induced current density on the surface of well was calculated. The current density and electric field are shown as follows based on Faraday's law:
where is the electric conductivity. As each parameter, the values of the well (as maximum value of the radius of the loop for induced current) were given as follows: R = 7.7 mm, frequency: f = 21 kHz, magnetic flux density: B = 3.9 mT. In this study, the electric conductivity of culture medium was calculated from the measured impedance values of medium by the four-terminal method [22] using an impedance analyzer (SI 1260, Solartron, Farnborough, Hampshire, UK) according to previous study [21] . From the calculation based on the result of the impedance measurement, the electric conductivity was given as = 2.06. Since extent of induced voltage/current depends on the diametrical distance from the center of the well of cell culture plate in the exposure condition of this study (perpendicular incidence of magnetic flux), the ratio of contracting cell aggregates to total cell aggregates in three concentric areas; area 1 (distance from the center of the well was 0-2.56 mm), area 2 (2.56-5.12 mm) and area 3 (5.12-7.7 mm) was evaluated. With regard to each cell aggregate, its distance from the center of the well was measured to approximate the center of the cell aggregate by analyzing microscopic image using ImageJ 1.45 m [18] .
Results
EST
Cell proliferation assay
Prior to IF-MF exposure experiment, no-energizing exposure (0 mT) was conducted to confirm the incubation conditions among Table 3 The ratio of the number of contracting cell aggregates to the total number of cell aggregates on day 10.
Magnetic flux density
The ratio (contracting/total) The value represents the mean ± SD value calculated from independent exposures of more than 5 times resulted from a 24 well cell culture plate (2 mT: n = 5, 3.9 mT: n = 11). The difference from sham exposure was analyzed using one-way ANOVA followed by Dunnett's test (*p < 0.01).
sham, IF-MF exposure systems and a conventional incubator (control). As a result of 0 mT exposure, no difference among the exposure systems was observed in both ES-D3 and BALB/3T3 on day 7. Continuously, 3.9 mT IF-MF exposure experiments were performed, indicating that IF-MF did not affect cell proliferation of either cell lines (Table 2 ). In contrast, 5FU-treatment as a positive control suppressed cell proliferation in both ES-D3 and BALB/3T3 cell lines. A statistically significant decrease in cell proliferation was observed in only 5-FU treated ES-D3 cell on days 5 and 7. This shows that the known teratogen 5-FU also has toxicity and the ES cell might be more susceptible than differentiated cells.
Cell differentiation assay
In a similar way to the cell proliferation assay, the equivalence of the incubation condition between sham, IF-MF exposure systems and a conventional incubator (control) was confirmed for the differentiation assay prior to the actual IF-MF exposure experiment. On the basis of the result of no-energizing exposure (0 mT), 2 and 3.9 mT IF-MF exposure experiments were performed. Table 3 shows the ratio of the number of contracting cell aggregates to the total number of cell aggregates in the experiments of 2 and 3.9 mT IF-MF exposure. As a result, there was no significant difference between sham and IF-MF regardless of magnetic flux density. On the other hand, a statistically significant decrease in the ratio of contracting cell aggregates was observed in the group treated by 5-FU. This shows that known teratogen 5-FU clearly inhibited the differentiation of ES cells.
With the result of cell proliferation assay together, the result of the EST (cell proliferation assay and differentiation assay) did not find any effect of IF-MF up to 3.9 mT.
3.1.3. The relationship between the ratio of contracting cell aggregate and the induced electric field/current Fig. 1 shows the ratio of the number of contracting cell aggregates to the total number of cell aggregates of sham and 3.9 mT IF-MF in 3 concentric areas. There was no difference in the ratio of contracting cell aggregates between sham and IF-MF exposures in areas 1 and 2, while the ratio in IF-MF exposure was lower than that in sham exposure in area 3. However, there was no statistically significant difference between sham and IF-MF exposures in area 3 (chi-test p > 0.05). The induced electric field was reached a maximum at the edge of the well and decreased linearly toward the center of the well. Therefore, the maximum value of the electric field induced inside the well was estimated to be 2.0 V/m. Also, the maximum value of the electric current density was 4.1 A/m 2 .
The expression of mRNA
The result without energized exposure (0 mT) showed that there is no difference in the expression level of Myl2, and Hba-x genes between sham and IF-MF systems, which indicated incubation condition in both systems was identical and suitable for exposure experiments. Conversely, 5-FU exposure led to a statistically † The values of the induced electric field and the induced current density were calculated as those at the diametrical median point of each area (1.28, 3.84 and 6.4 mm from the center of the well for area 1, 2 and 3, respectively). The number in each bar indicates the number of contracting cell aggregates to the total number of cell aggregates.
Table 4
Effect of 3.9 mT IF-MF on gene expression.
Gene
The The values indicated mean ± SD. Data reflect 9 and 4 independent experiments for Hba-x and Myl2, respectively, resulting from triplicate readings of each sample. Table 4 includes the data in our previous institute's report [29] in Japanese with permission.
significant reduction of the expression of these genes (data not shown). The result of 3.9 mT IF-MF exposure showed that there was no statistically significant difference in the mRNA expression level between sham and 3.9 mT IF-MF for both Myl2 and Hba-x, whereas the averaged expression level of Hba-x in IF-MF exposed cells was higher than that of sham (Table 4) .
Discussion
The result of the EST suggested that neither the cell proliferation of ES and BALB/3T3 cell lines nor the cell differentiation process from ES cell to myocardial cell was affected by IF-MF exposure regardless of the magnetic flux density. Meanwhile, association between the induced electric field/current and the decrease in the incidence of contracting cell aggregates was observed, although there was no statistically significant difference. This suggested that cell differentiation might be more susceptible to the strength of induced electric field/current than to magnetic flux density.
Although the maximum value of the induced electric field in this study (2.0 V/m) was lower than the value of the basic restriction of current ICNIRP guidelines for all tissues of the head and body for general public exposure (2.8 V/m for 21 kHz) [10] , the value of the induced current density (4.1 A/m 2 ) was higher than that of the basic restriction for general public exposure (42 mA/m 2 for 21 kHz) of the former ICNIRP guidelines [9] . Since the basic restriction was based on evidenced nervous stimulation such as the induction of retinal phosphenes due to transient exposure; however, other effects including an embryotoxic effect were not considered in ICNIRP guidelines. In fact, the values of basic restriction were not grounded on embryotoxic effect. However, the result of this study showed that IF-MF at least less than the basic restriction level of ICNIRP guidelilnes might not have embryotoxicity at 21 kHz.
The mammalian embryo or the embryonic stem cell has been used so far to reveal the effect of electromagnetic field (EMF) on the early phase of development. Czyz et al. [4] analyzed the effect of 1.71 GHz radio frequency EMF (Global System for Mobile Communications; GSM signals) on ES cells based on the EST method. They indicated that cell differentiation to myocardial cells was not affected by 1.71 GHz EMF. However, the mRNA level of hsp70 was significantly upregulated in p53-deficient ES cells at the differentiation period. Huuskonen et al. [8] investigated the effect of 13 T of 50 Hz MF using preimplantation murine embryos, indicating that the development of murine embryo up to the blastocyst stage was not disturbed. Beraldi et al. [3] also evaluated the effect of 50 Hz MF with up to 220 T of magnetic flux density using murine early embryo and reported that the survival rate of the embryo exposed to MF was significantly decreased. Their results showed also that the decrease in the survival rate of the embryo obtained by in vitro fertilization was more significant than that obtained by natural breeding. These previous studies related to exposure to ELF or RF EMF showed both positive and negative results for embryotoxic effect. Since there have been a few data for the embryotoxicity of IF-MF, we evaluated the effect of IF-MF using murine ES cells in this study. As a result, 21 kHz of IF-MF affect neither the cell proliferation nor the differentiation of ES cells to contracting myocardial cells. Therefore, this result suggested that IF-MF, the level of which was more than 100-fold higher than the reference level of the ICNIRP guideline for the general public, might not affect the early step of fetus development from a fertilized egg.
The qPCR analysis was applied to the evaluation of cardiomyocyte-specific and early developmental genes expression during differentiation to myocardial cells in the EST to estimate the effect of IF-MF exposure on the embryogenesis. Previously, Suzuki et al. [24] reported that 13 and 22 genes, most of which involved in cardiomyocyte and neuron differentiation processes of murine ES cell, respectively, might predict embryotoxicity in vitro. They monitored the gene expression level of Hba-x during the EST and found that the expression of Hba-x was strongly reduced by embryotoxicant (0.02 ± 0.03 relative to control). Thus, the result of Hba-x gene expression in this study would complement that of the EST, in which IF-MF did not show any effect. On the other hand, Sakurai et al. [20] exposed human fetus-derived astroglia cells to 23 kHz, 100 T IF-MF for up to 6 h and estimated the effect of IF-MF on gene expression using microarray analysis. They did not find any detectable differences in gene expression profiles between sham and IF-MF exposure groups. Although global expression analysis such as microarray was not conducted in this study, it could be said at least that the tested two genes related to differentiation in this study were not affected.
The transient effect of MF, that is the stimulation of nervous activities such as retinal phosphenes, is evidenced by previous studies [1, 26] . On the other hand, it was reported that electrical stimulation modulated the fate determination of neuronal differentiation of ES cells [28] . Taking these reports into account, stimulation by the MF-induced electric field might affect neuronal differentiation. Recently, the EST method has been improved so as to simplify the operation process such as the construction of EB using a 96 well plate [17] and flow cytometry analysis [2] and so as to reduce the experimental term of MTT assay to 7 days [23] . Furthermore, some researchers have been attempted a neuronal differentiation system using ES cells to examine neurotoxocity during development [13, 7] . Therefore, the investigation of effect of IF-MF and/or MF-induced electric voltage/current on neuronal differentiation in in vitro will be available and should be evaluated in the future.
In this study, the embryotoxic effect of 21 kHz IF-MF was evaluated by the EST using murine ES (ES-D3) and murine embryonic fibroblast (BALB/3T3) cell lines. The results indicated that IF-MF up to 3.9 mT affected neither the proliferation of both ES and BALB/3T3 cells nor the differentiation of ES cell to myocardial cell. On the other hand, the 5-FU which was categorized into the strong embryotoxic class from the result of the EST [6] and used as a positive control in this study also reduced both the cell proliferation and the cell differentiation in this study. According to the general method of the EST [23] , the class of embryotoxicity is predicted using a numerical model from the values of IC50 (the chemical concentration that inhibits the cell growth of BALB/3T3 or ES by 50%) and ID50 (the chemical concentration that inhibits the cell differentiation of ES by 50%). The precision of the EST comparing with in vivo embryotoxicity test was reported to be 68, 84 and 83% for non-embryotoxic, weakly embryotoxic and strongly embryotoxic class, respectively [6] , indicating that its precision for non-embryotoxic chemical was lower than those of weakly or strongly embryotoxic chemical. Taking account to the level of magnetic flux density of IF-MF adopted in this study, the results suggested that exposure to IF-MF in general environment would not affect the cell differentiation of early phase of development. However, chances of exposure to IF-MF are common in our environment, other relevant safety tests should be performed to discuss possible regulation in general/clinical purpose. In addition, further investigation under the condition with stronger induced electric field excess the value of basic restriction of the ICNIRP guideline will contribute to improve its propriety.
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